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ABSTRACT

Rotational~relaxation times obtained for nitrogen
using the sudden~freezing criterion are consistent with a
model in which (a) the collision number has value unity
for temperatures from 10 to 100°K, and (b) rotational
transitions occur only if the closest distance of approach
is less than 0.993 o, where o is the distance at which the
intermolecular potential vanishes. In contradistinction to
a viscosity cross section, the collision cross section for
this model decreases as temperature decreases.

INTRODUCTION

Interest in rotational-translational energy transfers
under the conditions encountered in low-density gas ex-
pansions has grown rapidly, partly as a consequence of
the use of supersonic jets in molecular beams.! In an
extensive study of nitrogen free jets, Reis® found that, at
low densities, the measured impact pressures exceeded
predictions. Knuth®:* proposed that these measurements
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were affected by lags of the rotational degrees of freedom,
and described how such measurements could be used to
obtain the rotational relaxation time. The electron-beam-
fluorescence technique’®s® has been used in measurements
of rotational temperatures in expanding flows.7» 829,10
Although the relevant excitation-emission processes are
not understood fully and quantitative differences exist in
the results reported from the different laboratories, this
technique can be used to detect rotational lags. Other in-
vestigators!!s 12 ysed the molecular-beam time-of-flight
technique coupled with an energy balance and the assump-
tion of adiabatic flow. Campargue!® defined a beam-
optimization parameter for supersonic molecular beams,
showed that it depends on the effective specific-heat
ratio, deduced values of this effective specific-heat ratio
from beam intensity measurements, and concluded that,
for the conditions investigated, the rotational degrees of
freedom of hydrogen and deuterium had ceased to parti-
cipate in the expansion process already at the nozzle
throat. Bier and Schmidt'* noted the effect of rotational
lags on the lateral dimensions of the barrel shock formed
in a hydrogen free jet.

Relaxations with rotational temperatures, T,, either
nearly equal to or significantly lower than translational
temperatures, Ty, have been studied over a longer period
of time. Rotational lags have been inferred from ultra-
sonic absorption and dispersion, !5s18:17 from changes in
the stagnation pressure in the compression of gas from a
subsonic jet at the tip of an impact tube,!® and from
changes in the density ratio across a shock wave.!®

Although significant quantitative differences are
found in the predictions of the several available analyses
of rotational-translational energy transfers, some con-
sistent trends are found also. For single transitions,
both Brout® and Raff?! predict that the collision number,
Ny, decreases as the translational temperature increases.
For multiple transitions, both Widom?? and Sather and
Dahler® predict that Ny is independent of temperature
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for rigid molecules with no attractive potentials whereas
both Parker?® and Sather and Dahler® predict that N, in-
creases as temperature increases for molecules with
attractive-repulsive potentials. Note that, contrary to
some other analyses, each of the latter four analyses??~2
uses a single molecular model for predicting both the re-
laxation rate and the collision rate.

The present data are interpreted by assuming that the
rotational degrees of freedom froze at the axial location
at which the measured impact pressure begins to deviate
from the impact pressure predicted®: ?7 for isentropic
free-jet expansions and measured®,2% 30 ynder conditions
for which local translational-rotational equilibrium is
expected. The rotational-relaxation time 7, is calcu-
lated using a sudden-freezing criterion similar to the cri-
teria used, e.g., for atom recombinations®! and for vibra-
tional relaxations,32

APPARATUS

The apparatus, consisting essentially of a system for
producing a free jet, a mechanism for positioning the jet,
and an impact tube for measuring impact pressures, is
depicted schematically in Figure 1. The position of the
stagnation chamber was set by a rotary feed-through at-
tached to a micrometer head and indicated by a dial at-
tached to the feed-through. Stagnation-chamber tempera-
ture was equated to the room temperature measured by a
mercury thermometer. Stagnation-chamber pressure
was measured by a diaphragm-type strain-gage pressure
transducer. Jet ambient pressures from about 5.5x107%
to 4.3x107% torr were realized.

In order to avoid probe-displacement effects, low-
density effects, and long response times, an impact tube
with 3-in. length, 0.018-in. OD, 0.010-in. ID, and 10°
external chamfer was used. A response time of 25 sec
was estimated.3® Low-density effects were avoided by
avoiding impact-tube Knudsen numbers greater than unity.
Impact~tube pressures were measured with a diaphragm-
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type capacitive pressure transducer.
PROCEDURE

Impact pressures were measured at several nozzle~
probe distances for both nitrogen and argon. Mach~disk
effects were avoided by keeping the nozzle-probe distance
small in comparison with the distance from the nozzle to
the Mach disk as measured by Bier and Schmidt.!* Meas-
urements at a given stagnation pressure were used only if
the zero-point outputs of the probe and stagnation-
chamber transducers drifted respectively less than 3x1073
and 2x1072 torr during the measurements.

Measured impact pressures were compared with im-
pact pressures predicted for isentropic free-jet expan-
sions using centerline Mach-number calculations?’ and
impact pressure vs. Mach number calculations.3* Meas-
ured impact pressures were corrected as indicated in the
following paragraphs.

Measured shock-detachment distances are avail-
able3®, 38 for a diatomic gas flowing over a flat-nosed body
of revolution at several different Mach numbers. Since
the values predicted3® for a heat~capacity ratio of 7/5
agreed well with these measured values (cf. Figure 3),
the values predicted®® for heat-capacity ratios of 5/3 and
7/5 (cf. Figure 2) were used here.

The effective orifice diameter, D* was determined by
comparing (a) the measured flow rate with the flow rate
predicted for a nonviscous fluid, and (b) the measured im~
pact pressure with the impact pressure predicted for a
nonviscous fluid. Results, and the faired curve used in
the data analysis, are presented in Figure 3.

The effective source location, x, was determined by
comparing the measured impact pressure with the impact
pressure predicted for a nonviscous fluid which flows
through the orifice with parallel streamlines. Results,
and the faired curve used in the data analysis, are pre-
sented in Figure 4.

1424



SIXTH RAREFIED GAS DYNAMICS

Viscous effects at the probe were determined by
comparing the measured impact pressure, PIe, with the
impact pressure, P}, predicted for a nonviscous fluid.
Ratios of measured and predicted impact pressures were
compared for two different stagnation pressures, p,, but
the same probe Reynolds number, If the two ratios dif-
fered, then the largest ratio (affected perhaps by rota-
tional lags) was omitted. The resulting correction curve
is given in Figure 5.

In order to verify that the measurements of Figure 5
are free from rotational-lag effects, typical nitrogen
measurements believed to be free of rotational-lag ef-
fects were compared with argon measurements. The
pressure coefficient C, (cf. Figure 6) was used® in or-
der to handle the difference in heat capacities. The cor-
relation of Figure 6 supports the conclusion that Figure 5
is free from rotational-lag effects.

RESULTS

Preliminary nitrogen and argon measurements were
motivated by reports that, at the same p, and orifice-
probe distance, no difference in impact pressures could
be detected. At probe Reynolds numbers greater than 25,
impact pressures were found to be about 10 percent
greater for argon. Hence, confidence in impact-tube
studies of rotational freezing was strengthened.

Centerline impact pressures were surveyed then for
several values of p,. Results for py = 2.5 torr are shown
in Figure 7. (Results for Po = 2.5, 5, 10, 15, 20, 25, 45,
and 65 torr are reported graphically by Lefkowitz?® and
available in tabular form from the Molecular-Beam Labo~
ratory, UCLA.) The point at which the data begin to de-
viate from Figure 5 is called the freezing point.

Increases in impact pressures due to freezing of ro-
tational degrees of freedom are significantly greater than
the deviations from Figure 5 indicated, e.g., in Figure 7.
Although Knuth® has predicted that rotational freezing can
increase the probe Reynolds number by as much as 49
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percent, these effects were neglected in the abscissa of
Figure 7.

The several values of the dimensionless freezing-
point distance (x!/ D*)f determined from the impact-
pressure data are plotted as a function of the dimension-
less freezing~-point parameter D*/'rroao in Figure 8.
Here x' is the distance from the effective source to the
shock wave, a is the speed of sound, and the subscript o
refers to stagnation conditions. Values of D*/ Trodo Were
calculated using

2 *x
% N
D _ 1 (8)2 2poﬂeroD (1)
Troao Nro Y k To

where v is the specific-heat ratio, p is pressure, k is
Boltzmann's constant, T is temperature, r,, is the dis-
tance betweeen molecules at minimum intermolecular po-
tential energy, and QIJ is a factor which handles devia-
tions of viscosity cross sections from rigid-sphere cross
sections. Ny = 5.3, given by Greenspan,*® and values of
Ty and Q) tabulated by Hirschfelder, Curtiss, and Bird®
were used. Several freezing points determined from the
spectroscopic data of Marrone,” using the freezing cri-
terion dTp/dx = 0,5 dT/dx suggested by Phinney,*? are
plotted in the same figure.

In order to facilitate the determination of the tem~
perature dependence of 7,., the sudden-freezing criterion
DT/Dt=- T/7, was written, for isentropic flow of a per-
fect gas, in the form

Do

xY-a
1M - p* Npo @r
d(x/D*) 7 a N_Q
roo ~r 'ro

(2)

(y-1) M2 (1+l'2iM2

where {1, is a generalization of the 2,, appearing in Equa-
tion (1) in that it is not necessarily the viscosity-cross-
section factor. For a given gas, the left-hand side of
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Equation (2) is a function of x/D* only The value of the
temperature-dependent ratio N,.Q,. 1\}1‘ p is obtained by
dividing, for a measured value of (x' D”‘)f, the measured
value of D*/7.,a, by the calculated value of the left-hand
side of Equation (2). A value can be ascribed to either
Ny or Qp only if the value of the other parameter is
adopted a priori.

Values of the cross-section ratio Q,,/Q, obtained
using the methods of the preceding paragraph and assum-
ing that N,./Npg = 0. 16 in the investigated temperature
range (below 100°K) are given in Figure 9. The data are
compared with the straight line Q,,/Q, = exp 0.0575
(To/T - 1).

DISCUSSION OF RESULTS

Although 7., is related more closely to the experi-
mental observations, N,. is more convement in considera-
tiong of molecular models Rowlinson*! suggests that the
Qy required to separate Ny from 7, be based on a cri-
terion of closeness of approach. If he counts only those
collisions in which the closest distance of approach is less
than r, and if r is less than o, then he obtains

Q T
ro _ Vir) ( o]
Qr exp kTo T 1> r<o (3)

where V(r) is the intermolecular potential at the intermo-
lecular distance r. A comparison of Equation (3) with the
straight line of Figure 9 indicates that for the investigated
temperatures (below 100°K), if N./N,, = 0.16, then

V(r)/kTy = 0.0575. Using a Lennard Jones 6-12 inter-
molecular potential with o = 3.68 A and e/k = 91. 59K,
where -€ is the minimum value of V(r), one finds that this
value of V(r) occurs at r = 0.993 ¢. In other words, for
the range of conditions investigated here, rotational
transitions occur only if the closest distance of approach
is less than 0.993 o,
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According to the forementioned Rowlinson model,
if r < 0, then ¢ decreases as T decreases since low-
velocity molecules fail to make effective collisions. The
effect of this T dependence can be large at low T. For
example, 2,(Ty)/Qp (10°K) = 5.3.

The assumption that Nj./Npg = 0.16 (i.e., that Ny is
of order unity) is consistent with the data obtained by
Miller and Andres.* Using a hard-sphere molecular
model, one finds from their data that N, decreases to the
order of unity as T decreases to about 809K (the lowest T
which they investigated). (In principle, the Rowlinson
model is equivalent to the hard-sphere model for the
special case in which one counts only those collisions
with closest distance of approach less than o. In prac-
tice, the Rowlinson model used here differs negligibly
from the hard-sphere model if T >>20°K.) Since unity is
physically a lower limit for N,., this value is used here
down to 10°K. The fact that this value is less than 15/8,
the translational relaxation number obtained* for trans-
lational relaxation in a free jet, is of no concern since
different collision models are used in these two analyses.

Use of the Rowlinson model obviates the need to use
the viscosity cross section — and hence the need to as-
cribe properties to the viscosity cross section which
contradict properties derived by other means. Hamel
and Willis® found, e.g., that if a viscosity cross section
is used, then (contrary to other evidence) its value must
decrease with T in order to bring their predictions into
agreement with the relatively low temperature data of
Marrone.”

Values of N, obtained from free-jet expansions (with
Ty >T4) appear to be smaller than obtained from ultra-
sonic dispersions or shock compressions (with Ty < Ty).
Similar results have been observed*»%,% for vibrational
relaxation numbers. These differences merit further
studies.
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